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Introduction

Lidars with multiple fields of view (MFOVs) are promising tools for gaining information on cloud particle
size. We perform a study of the information content of MFOV lidar data with the use of eigenvalue
analysis. The approach we have developed permits an understanding of the main features of MFOV lidars
and provides a way to relate the accuracy of particle size estimation with the measurement uncertainty
and the scattering geometry such as the cloud-base height and the lidar sounding depth. Second-order
scattering computations are performed for an extended range of particle sizes and for a wide range of lidar
fields of view (FOVs). The results obtained allow us to specify the areas of possible applications of these
lidars in cloud studies. Comparison of results obtained with polarized and cross-polarized scattered
components demonstrate that the cross-polarized signal should provide a more stable retrieval and is
preferable when double scattering is highly dominant. Our analysis allows for the estimation of the
optimal number of FOVs in the system and their angular distribution, so this work can be a useful tool
for practical MFOV lidar design. © 2006 Optical Society of America
OCIS codes:  280.0280, 280.1100, 280.3640, 290.4210.

tools of particular interest are lidars with multiple

Clouds are one of the main factors influencing plan-
etary climate. This influence depends on the heights
and distribution of clouds and on their radiative prop-
erties, which in turn are determined by cloud micro-
physical parameters. Thus developing new types of
instrumentation for the remote monitoring of cloud
parameters, such as vertical profiles of particle mean
radius and concentration is a task of high priority in
modern climate study. One of the ways to monitor
these parameters remotely is to examine the multiple
scattering of laser radiation because the angular dis-
tribution of multiply scattered radiation contains in-
formation on the particle size distribution. Among
different approaches exploiting this principle,! the
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fields of view (MFOV). Progress made during the past
decade by the Valcartier research group2-5 allows us
to consider MFOV lidar as a powerful instrument for
cloud study. However, some important questions con-
cerning the application of this technique remain to be
clarified. The questions to answer before constructing
a MFOV lidar include

e How many fields of view (FOVs) should be
used, keeping in mind, that each additional FOV will
make a system more expensive and complicated?

e What interval of FOV should be used and how
should the FOVs be distributed inside this interval?

e What range of particle size can be retrieved,
and how does this range depend on cloud height, lidar
sounding depth, and measurement uncertainty?

These questions, in principle, can be answered us-
ing extensive numerical simulations for different
combinations of particles and lidar parameters. How-
ever, such an approach is extremely time consuming
and much of the information obtained is irrelevant
for establishing relationships between different pa-
rameters and for clarifying their dependence on mea-
surement accuracy.

An alternative approach to the problem was sug-
gested in a recent publication concerning the re-
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Fig. 1. Geometry for the calculation of the scattered power at the

entrance of a receiving telescope in the framework of a double-
scattering approximation.

trieval of particle parameters from multiwavelength
aerosol lidar measurements.® The method is based on
the consideration of the information content of lidar
data using eigenvalue analysis. This approach gives
only estimations, but it allows for obtaining the big
picture and provides answers to the questions formu-
lated above. Thus in the present paper, we apply the
eigenvalue technique to generate predications of
MFOV lidar performance.

2. Methodology

The MFOV lidar particle size retrieval method is
based on the measurement of the angular distribu-
tion of multiply scattered laser radiation. The calcu-
lation of the angular energy distribution for an
arbitrary number of scattering orders can be per-
formed using approximate models? or Monte Carlo
methods.® But we should point out that our main
interest is in solving the inverse problem, i.e., the
retrieval of the particle size distribution (PSD) from
the measured angular spectrum, which can only be
done in a straightforward manner using a double-
scattering approximation.34 For this reason, we will
limit our consideration only to second-order scatter-
ing events, though our proposed technique may also
be used for higher scattering orders. Thus the results
obtained will be valid for optically thin aerosol layers
and for small sounding depths in clouds. For the cal-
culation of the angular spectrum of doubly scattered
radiation, we use the geometry suggested in Refs. 3
and 4, which is shown in Fig. 1. The laser radiation
is scattered forward at a height z located between
cloud base z, and height z., where the radiation is
backscattered. We do not consider the alternative sce-
nario, when backscattering occurs first followed by
forward scattering, because it leads to the same re-
sults as a consequence of the reciprocity theorem.910

The essence of the MFOV lidar technique is the
measurement of the scattered power S(6) as a func-
tion of receiver FOV. It should be noted that in Fig. 1,
the angle 6 corresponds to one half of the lidar FOV.
Changes of particle size distribution lead to varia-
tions of S(0). If the functions S;(6) corresponding to
different PSDs are linearly independent, then the
retrieval of the PSD becomes possible.

We assume that the laser beam divergence 6,,, is
small and that the scattered power originating from
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single-scattering events is concentrated inside the
smallest FOV 0,;,. It should be noted that this
constraint is fulfilled only for small receiver aper-
tures D such that 1/2(0,,; + D/z.) < 0,;.. We also
assume that the cloud is homogeneous in extinction
and droplet size and that the time delay of the scat-
tered photons at different FOVs is negligible. In lidar
measurements, the FOV range [Omin» Omax] is usually
divided into several concentric intervals, and the
scattered power inside these intervals is integrated
by a detector. Scattered power in the FOV interval
A6, = 0;,,; — 0, can be calculated as3+

92 2c 2T ~Bjt1
o f f j [e@P(r, B)]

za 0 Bj
X [a(2.)P(r, Brack)]sin BdBdddz. (1a)

S(z., AG) = Spe 272

The factor 2 in front of the integral follows from
the reciprocity theorem; S, is a range-independent
constant; a is the extinction coefficient; P(r, B) and
P(r, Bp.) are the values of the phase function for
the forward-, B, and backward-scattering angles,
Brak = ™ — B + 0, for a particle of radius r; z, is the
range to the cloud base; z, is the sounding range;
the quantity [a(z)P(r, B)] represents the forward-
scattering coefficient while [a(z,)P(r, Byac)] TEPTE-
sents the backscattering coefficient; and ¢ is the
azimuthal angle ranging from 0 to 2w. From Fig. 1,
the scattering angle B is easily related to 6 via the
relation tan B = z, tan 0/(z, — z). Next, we write the
assumed homogeneous extinction coefficient « as a
function of the particle size distribution f(r), i.e.,
a = S f(r)Q(r)mr’dr, where Q(r) is the scattering
efficiency set equal to 2 in the approximation of par-
ticles larger than the wavelength. After integrating
over the azimuthal angle and using the definition of
the extinction coefficient, Eq. (1a) becomes

6_20‘(26_2&) Tmax b Bj+1
S(Zc, Ae):SO*sz f(r)rgJ' J' P(r; B)

c
T'min zq  Bj

X [a(2.)P(r, Brac)]sin BdBdzdr, (1b)
where S,* is a constant containing all the fixed pa-
rameters.

The main information about particle size (if we do
not consider polarization effects) is contained in the
forward peak of the scattering phase function.1® To
simplify the analysis, P(r, Bp.) in some computa-
tions is assumed isotropic (angle independent). It will
be shown that this approximation does not influence
the results much. The phase function for scattering in
the forward direction P(r, B) is calculated through
Mie theory.12

For the analysis of the information content, a more
representative characteristic is s(0) = dS(8)/d6, which
describes the scattered power measured inside an
elementary angle d6 and allows us to determine
which FOV intervals are the most sensitive to vari-
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Fig. 2. Angular distributions of scattered radiation power over
the telescope FOV. Calculations are performed for a lognormal
particle size distribution with a modal radius of r, = 5, 10, and
50 pm. The cloud base is at z, = 500 m; the sounding depth is at
Az = 50 m. Dashed—dotted curves show the results obtained with
the Gaussian approximation of P(r, B).
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ations of particle parameters. Figure 2 shows the
function s,(0) calculated for lognormal size particle
distributions with modal radii of r,; = 5, 10, 50 pm,
sounding depth of Az = z, — z, = 50 m, and cloud base
of z, = 500 m. Phase function P(r, Biq) is assumed to
be isotropic. The half-angle FOV is varied over the
interval 0.1 < 6 < 5 mrad. Here and in all calcula-
tions, the dispersion factor is taken as In ¢ = 0.35,
the refractive index as m = 1.33, and the laser wave-
length as A = 1.06 pm. The distributions are normal-
ized to keep Jim=>s(0)d0 = 1. The dashed—dotted
curves in Fig. 2 show the results obtained with the
Gaussian approximation of the forward-scattering
peak?; this approximation will be used in Fig. 3(a) to
illustrate the main features of the considered scatter-
ing geometry. For large 6, the Gaussian approxima-
tion leads to a faster drop of the scattered intensity
compared to the Mie formulas. With the increase of
altitude z,, the angular distributions s;(8) become
narrower, and therefore useful information is con-
tained primarily at small FOVs. The implementation
of very small FOVs demands fine laser beam align-
ment and high mechanical stability of the steering
optics. To diminish these problems, it is desirable to
work with long-wavelength radiation because the
width of the forward-scattering peak [and so s(0)] is
determined by the ratio \/r. However, the use of
radiation wavelengths longer than 1.06 pm intro-
duces additional difficulties at the detection end
because of the limitations in detector technologies.
Consequently, in the model of this paper, we consider
only the 1.06 pm wavelength. The angular distribu-
tions s;(0) also depend on the sounding depth Az. For
the considered geometry, an increase in sounding
depth is equivalent to a decrease in z, since, for
Az < z,, s(0) is a function of the ratio n = Az/z,.
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Fig. 3. Dependence of the minimum eigenvalue on particle size.
Calculations are performed for z, = 500, 1000, 2000 m and Az
= 50 m using (a) Gaussian approximation and (b) Mie formulas for
the computation of P(r, ). FOVs are in the interval 6,;, = 0.25,
Omax = D mrad.

3. Numerical Test for the Linear Independence of
Optical Data

For the sake of the analysis we need a quantitative
criterion that characterizes the linear independence
of the angular spectrum of s;(8) and that can be re-
lated to the measurement error . As shown in Ref.
13, the set s,(0) may be considered as linearly inde-
pendent if [, > &% where [, is the minimum eig-
envalue of the covariance matrix C with elements
ci,]' = fe(jnr:‘:xsl(ﬂ)sj(ﬂ)de

The test for linear independence was done for a set
of s;(0), obtained for lognormal size distributions with
modal radii ;. The dispersion factor was assumed to
be the same for all distributions and equal to In o
= 0.35, but, in general, the variation of dispersion
may also be included in the modeling. To perform the
test, the first element s,(0) (corresponding to the PSD
with ry;) is compared with every element from the
rest of the set. The procedure is then repeated for the
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second, the third, and every following element. For
each pair, we form the 2 X 2 covariance matrix and
determine the corresponding minimum eigenvalue
Lmin. If the smallest [,;, for all pairs fulfills the re-
quirement [,;, > €%, the respective data set is linearly
independent. For the comparison of eigenvalues with
relative measurement error, the correct normaliza-
tion of the elements is essential. All elements are
normalized to keep J's;%(0)d6 = 1.

A. Influence of the Scattering Geometry on
Retrieval Accuracy

The accuracy of particle size estimation depends on
the scattering geometry, i.e., on cloud base z, and
sounding depth Az. The lidar FOV can be presented
as a superposition of concentric rings of Af; width in
the [Omin» Ymax] interval. These rings can be consid-
ered as a set of detectors, and the number of such ring
FOVs is determined only by the step A6 of the calcu-
lation. Thus we suggest that the lidar has an unlim-
ited number of FOVs, so the distribution s,(6) can be
determined with any desirable precision. The results
obtained will define the upper limit of the accuracy
that can, in principle, be attained with this kind of
instrument. The dependence of the minimum eigen-
value [,;, on particle size for different cloud-base
heights is shown in Fig. 3. The eigenvalues are cal-
culated for the intervals [To1; To/] with ry; = 1 um in all
computations. For every value of r;, the eigenvalues
are calculated by comparing the corresponding ele-
ment s;(0) with elements s,(0), . . ., s;,_1(0) of the set,
as described in the previous section. The minimum of
these eigenvalues [, is plotted on the graph. The
calculations were performed for z, = 500, 1000,
2000 m and Az = 50 m. The FOVs are included in the
interval 0,,;,, = 0.25 mrad, 6,,, = 5 mrad. It is desir-
able to keep 6,,;, as small as possible because small
angles contain information about large particles and
particles at high altitudes. Constraints on the quality
and cleanness of the collecting optics as well as on the
laser beam quality make 0,,;,, = 0.25 mrad a reason-
able choice (recall that the angle 6 corresponds to one
half the lidar FOV). On the other hand, the experi-
ence of MFOV lidar operation in Valcartier3* shows
that the use of FOVs larger than 10 mrad makes the
background signal above acceptable levels. It also
introduces problems related to the acceptance angles
of the filters and polarizers.

The minimum eigenvalue depends on the step
width of the radius variation Ary = ro; — ry;_1. The
larger the Arj, the more independent the distribu-
tions s,(0); thus this value is a measure of the possible
radius resolution. The variation of r, may be per-
formed with a constant step size, but more represen-
tative is the situation when the step size is taken as
a fraction of r,. Then, the radius resolution may be
estimated as Ary/ry. For the curve shown in Fig. 3,
ro; = 1.57¢;_1. Thus the step width is Ary; = /3, and
the corresponding accuracy of the radius estimation
is ~30%. The dashed line shows the level correspond-
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Fig. 4. Estimation of the accuracy of size retrieval with the use
of MFOV lidar. The radius of the particles is varied as ry;

= kry_;. Calculations are performed for £ = 1.5, 1.3, 1.2; z,
= 500 m, Az = 50 m.

ing to a measurement accuracy of ¢ = 10%. Hence
only radii for which /,,;, > &* may be retrieved.

The results in Fig. 3(a) are calculated with the
Gaussian approximation of P(r, ). Though this ap-
proximation is not very satisfactory for large 9, it is
convenient to illustrate the influence of the scatter-
ing geometry on the retrieval results. Figure 3(a)
shows that the rise of z, shifts the range of stable
retrieval to smaller particles. As we have already
mentioned, the increase of the sounding depth Az is
equivalent to the decrease of z,, so increasing Az al-
lows for the retrieval of large particles at high alti-
tudes. The use of Mie formulas for P(r, ) leads to a
more complicated behavior of /,,;,(r,;) compared with
the Gaussian approximation, as shown in Fig. 3(b).
Still the main tendency is the same: The rise of the
cloud base shifts the region of stable retrieval to
smaller radii. For large Az, the integral in Eq. (1)
from z, to z. is determined mainly by the forward-
scattering peak, so the results obtained with the
Gaussian and Mie are quasi similar.

As we have already mentioned, the radius resolu-
tion of the method can be estimated by performing
calculations with different steps of radius variation
Ar. The calculation results are presented in Fig. 4.
The particle radius is varied as ry,, = kry;_;, and for
k =1.5,1.3, and 1.2, the accuracies of radius estima-
tion Ar,y/ry; are ~33%, 23%, and 16%, respectively. As
we can see, for ¢ = 10% and the chosen FOV range,
the condition /., > &? is fulfilled for 2 > 1.3. Hence
even if a large number of FOVs are available, the
realistic resolution of the retrieved particle size dis-
tribution for a 10% measurement error cannot be
better than ~30%.

One of the important questions arising in the de-
sign of a MFOV lidar is the range of the required
FOVs needed to provide the retrieval of the particle
size distribution inside the chosen range of radii at
the chosen altitude. A simple way of estimating the



0.025 TS
01-10mrad | ... . ORI ..

0.020 - Rad RN S
9] \’
e .
©
£ 0015 -
5 o
2
[ e
E K
3 7
E 00104 g -
£ ’
=

\ A
0.005 ’ AN, .\
7 /' \ By
V,’ //' 0.25-1mrad | *--_ [
0.000 —_— —
1 10 100
ry (um)

Fig. 5. Illustration of the influence of the FOV range on the

interval of particle sizes that can be retrieved. Calculations are
performed for 6 in the intervals 0.25-5, 0.25-1, 1-5, and
0.1-10 mrad; z, = 500 m, Az = 50 m.

desired FOVs range is presented in Ref. 11. In gen-
eral, large FOVs command the retrieval of small
particles, and small FOVs are responsible for the
retrieval of large particles, as illustrated by Fig. 5.
Calculations in this figure are shown for the 6 inter-
vals of 0.25-5, 0.25-1, 1-5, and 0.1-10 mrad. Com-
paring the results obtained for the 1-5 and 0.25-5
mrad ranges, we can see that the extension of the
FOV range toward small 6 improves the estimation of
both the small and large particles. Increasing the 6
range up to 0.1-10 mrad further stabilizes the re-
trieval, but as has already been mentioned, the de-
sign of lidar with such a FOV range is a complicated
task.

B. Estimation of the Required Number of Fields of View

Up to now we have suggested that the lidar has an
unlimited number of FOVs. However, for practical
application, it is important to know how many
FOVs are needed to properly represent the angular
distributions. This means that we have to investi-
gate the degree of independence of the points of the
curves s;(0). Alternately, we need to determine how
many independent pieces of information are con-
tained in the variations of s(6) resulting from changes
in the particle size distribution at different sound-
ing depths. Such an analysis again rests upon the
calculation of the eigenvalues [; of the covariance
matrix. The details for the use of this approach may
be found in Refs. 6 and 13. For the lognormal size
distributions with modal radii rq, ..., roy (in the
1-200 pm range) the corresponding angular distri-
butions s;(0), ..., sy(0) are calculated for a fixed z,
= 1000 m and a set of Azy, . . ., Az;; (in the 50-200 m
range); hence a MN X MN covariance matrix with
elements ¢;; = Jy'ms,(0)s;(0)d0 is constructed. For ex-
ample, if we consider particles with different radii
(N = 14) and different sounding depths (M = 10), we
have to construct a matrix of 140 X 140 size. The

1 | 1 | i 1 1 i
o)
"O_
014
2 i
g 025-5mrad |
@ single Az
2
i} .
001 -vveeemm e (R W
0.25 - 5 mrad '
1E-3 T r
0 1 2
i
Fig. 6. Information content of MFOV lidar data for different in-

tervals of 6: 0.25-5, 0.25-10, and 0.1-10 mrad. The dotted curve
shows the results for the single value of Az.

number of characteristic patterns (independent
pieces of information) is determined by the number of
eigenvalues for which /; > &

Figure 6 illustrates the information content of
s(6) data. The eigenvalues [; are plotted as a func-
tion of their order number i. In these simulations,
three FOV intervals were tested: 0.25-5, 0.25-10, and
0.1-10 mrad. The larger the range of 6 considered,
the more information contained in the variations of
the angular distributions, but for 10% measurement
accuracy, even the 0.1 < 6 < 10 mrad interval con-
tains no more than six independent pieces of infor-
mation. For comparison, the same figure shows the
result obtained when only one sounding depth Az,
= 50 m is considered. In this situation, for the FOV
interval 0.25-5 mrad, we have only three eigenval-
ues above 0.01. Thus the resulting number of inde-
pendent pieces of information gives us the required
number of FOVs to account for the variations of the
particle parameters at different altitudes. This num-
ber of FOVs should be enough to pick up the main
part of the information, which is in principle avail-
able from the MFOV lidar.

The next question arising is how these FOVs
should be distributed over the angular range. To an-
swer this question, the interval (Omins 9max) was split
for several concentric rings with 6, ; < 6 < 6,. The
scattered power inside every ring is calculated as

S, :J 5(6)d6.

0i-1

When testing different types of FOV distributions,
we try to keep [,,;, as high as possible to provide stable
parameter retrieval, but at the same time, it is de-
sirable to avoid strong variations of S;, because the
dynamic range of the lidar receiving systems is lim-
ited. The numerical simulations performed for differ-
ent altitudes and sounding depths Az demonstrate
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Fig. 7. Minimum eigenvalues calculated for 5, 8, and 15 FOVs

distributed in the 0.25-5 mrad range with a log-equidistant law;

2z, = 1000 m, Az = 50 m.

that optimal results are obtained when the 6, are
distributed at equidistant steps on a logarithmic
scale.

Figure 7 compares results obtained when 5, 8, and
15 FOVsin the 0.25-5 mrad range are used. In agree-
ment with Fig. 6, increasing the number of FOVs
beyond five does not significantly change the eigen-
values. Results in Fig. 7 were obtained for z, =
1000 m and Az = 50 m, but simulations performed
for other heights and sounding depths lead to a sim-
ilar conclusion: Five to six FOVs pick up the main
part of all available information.

C. Consideration of the Scattering Phase Function in the
Backward Direction

Up to this point, we have assumed that the scattering
phase function in the backward direction is isotropic.
Such an assumption is reasonable if only small FOVs
are considered. To check if this limitation introduces
serious errors, we performed the same numerical
simulations using the true shape of P(r, By.q) calcu-
lated through Mie formulas. Figure 8 shows the an-
gular distributions s;(0) obtained for the isotropic
P(r, Bpax) and for the backward-scattering phase
function calculated through Mie theory. These distri-
butions are quite similar for small particles, but for
large r,, the scattered power for real phase functions
goes down with the rise of 6 much faster than for the
isotropic one. Nevertheless, this difference does not
have influence much on the obtained results of the
information content, as shown in Fig. 9. This finding
has a simple physical interpretation: The difference
in s(6) behavior at wide 6 is essential only for small
particles, but as it follows from Fig. 8, the angular
distribution of scattered power from small particles is
the same for both types of P(r, Bpac)-

D. Use of the Cross-Polarized Lidar Signal

We have considered total scattering (the sum of
both parallel and perpendicular polarizations). Ad-
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Fig. 8. Angular distribution of scattered radiation power for r
= 5,10, and 50 pm when the phase function in the backward
direction is calculated through Mie formulas. The cloud base is at
z, = 500 m, and the sounding depth is at Az = 50 m. Dashed—

dotted curves show the results for isotropic P(r, Bpac)-
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ditional information about particle properties can
be obtained when the parallel and perpendicular
polarization components are separated in the re-
ceiver. The potential of such polarization-sensitive
detection for particle sizing was first demonstrated
by Roy et al.* In this section, we will apply the
previously described eigenvalue technique to ana-
lyze the improvement when a cross-polarized signal
is used.

For the calculation of the parallel [S|(6)] and per-
pendicular [S,(6)] components, the following expres-
sions should be added as multiplicative terms to the
backscattering phase function P(r, By,q) in the inte-
gral in Eq. (1b), ie., 1/[1 + &(r,z)] and &(r, 2)/
[1 + 3(r, 2)], respectively. Here, 3(r, z) is the ratio of
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Fig. 9. Dependence of the minimum eigenvalue on particle size
when the phase function in the backward direction P(r, Bp.) is
isotropic (solid symbols) and calculated through Mie formulas
(open symbols). z, = 500 m, Az = 50 m.
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Fig. 10. Angular distributions of the cross-polarized component
s, power (solid curves) for r, = 5, 10, and 20 pm. Dotted curves
show the corresponding results for polarized components s;. Dis-
tributions are normalized to keep JSimxs, (0)d0 = 1. z,
= 1000 m, Az = 50 m.
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Fig. 11. Angular dependence of the depolarization 8'(9) = s, /5.
Calculations are performed for lognormal particle size distribu-
tions with ry = 5, 10, and 20 pm; z, = 1000 m, Az = 50 m.

values of the covariance matrix are plotted against
their number. For 10% measurement uncertainty,
the perpendicular signal contains about six indepen-
dent components while the total signal contains less

PZ(ra Bback)cos2 Bback - 2P3(r7 Bback)cos Bback + Pl(r’ Bback)

d(r, z) =

3P 2(7, Bhack)COS” Brack + 2P3(T, Brack) €08 Brack + 3P1(7, Brack)’

(2)

where P;, P,, P are the elements of the Muller ma-
trix414 and B,. 1s the angle of the backward scat-
tering.

For our analysis, we again consider s; = dS)/d6 and
s, = dS,/d6. All computations in this section are
performed through Mie formulas for the forward-
and backward-scattering phase functions. Figure 10
shows the angular distributions of the perpendicular
component for different r,. For the sake of compari-
son, the same figure shows the corresponding distri-
butions for the parallel component. The angular
distribution of the total scattering s(6) is determined
mainly by the diffraction forward peak of the scatter-
ing phase function, while the cross-polarized signal
depends on both the forward and backward peaks;
hence it should be more informative. The distribu-
tions s,(0) are shifted toward larger 6 to compare
with s)(6); thus 0,,;, can be increased, and the problem
of single- and multiple-scattering separation becomes
less severe. Figure 11 shows the depolarization &
= s, /sjin each elementary ring d6 for the same values
of r, as in Fig. 10. For small 6, the depolarization
drops down to zero, but for larger 6 it reaches a max-
imum whose position depends on the chosen ry.

To estimate the number of independent pieces of
information in the s,(0) variations, we perform the
same analysis as in Section 3. In Fig. 12, the eigen-

than five. To compare the particle sizes that can be
retrieved with the use of different polarization com-
ponents, Fig. 13 shows the minimum-eigenvalue
curves obtained with s and s, ; calculations are per-

o
N
1

Eigenvalue |,

| N
5 A N

1E-3 T T T T T I\

Fig. 12. Comparison of the information content of the total (sum
of both polarization components) and cross-polarized (perpendicu-
lar) lidar return. Calculations are performed for the interval
0.25 < 0 < 5 mrad.
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Fig. 13. Dependence of the minimum eigenvalue on particle

size for the parallel and cross-polarized components. Eight FOVs

are log-equidistantly distributed over the 0.25-5 mrad range;
2z, = 1000 m, Az = 50 m.

formed for eight FOVs distributed log-equidistantly
over the 0.25-5 mrad range. The eigenvalues ob-
tained for s, are higher than for s, which promises
more stable retrieval.

When considering the depolarization of laser ra-
diation by multiple scattering, it is also useful to
model the dependence of this depolarization on the
lidar FOV for different parameters of the scattering
geometry. The corresponding results for the double-
scattering approximation are presented in Figs. 14
and 15 below. The depolarization plotted in these
figures is determined as a ratio S, /S|, where S| | is
calculated through Eq. (1), and the integration over
the angle B is performed from 0 to 6. Figure 14 shows
the depolarization of the laser radiation as a function
of 0 for different values of cloud base z, = 500, 1000,
and 2000 m. From Fig. 1, it is obvious that for the

045 " 1 t 1 " 1 t 1 " 1

0.40 2000m |
0.35 -
030} 1000 m .

0257 500m [

Depolarization ratio

0.20 o

0.15 3 o

0.10 ] . .
0.000 0.001

T T T
0.003 0.004 0.005

6 (rad)
Fig. 14. Depolarization ratio S, /S| as a function of the FOV angle
0. Calculations are performed for z, = 500, 1000, 2000 m and Az
= 50 m through Mie formulas. Size distribution is lognormal with
ro = 10 pm.

T
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Fig. 15. Depolarization ratio S,/S; as a function of the FOV
angle 6. Calculations are performed for r, = 5, 20, 10, 50 pm;
2z, = 1000 m, Az = 50 m.

same sounding depth, the higher the cloud base, the
larger the depolarization, because larger angles 8 will
contribute to the scattered power. Figure 15 shows
the angular dependence of the depolarization for z,
= 1000 m and different values of r,. Depolarization
rises with 0 until it reaches a stable level, which
slightly depends on the particle size: A change of r
from 5 to 50 pm decreases depolarization from 0.34 to
0.24. The larger the particle size, the smaller the
range of 6 where the depolarization rise occurs.

4. Discussion

The increase of cloud base z, shifts the angular dis-
tributions s(0) toward small FOV, thus setting the
limit to particle parameters that can be retrieved.
So one of the principal applications of the MFOV
technique might be to provide estimates of cloud
particle size for altitudes up to several kilometers,
which is typical for atmospheric clouds. To deter-
mine if this is a practical application, we calculated
the minimum and maximum radii that satisfy the
condition [,;, > & for different values of the param-
eter n = Az/z,. Figure 16 shows the dependence of
the maximum and minimum particle radii on .
The results were calculated for the cross-polarized
component, using eight FOVs distributed in the
0.25-5 mrad range with log-equidistant law and as-
suming a measurement uncertainty of ¢ = 10%. The
actual dependence is more complicated, but the ap-
proximation with a straight line gives the tendency.
The sounding depth in clouds is quite limited if we
want to avoid the effects of higher scattering orders;
usually we have to keep it smaller than 100 m and,
from Fig. 16, we can conclude that we cannot use m
< 0.01 because l,,;, < 0.01. This makes z, ~ 10,000 m
and the range of particle size 1 < ry, < 4 pm, which
in general is insufficient. For lower clouds with z,
~ 5000 m (n = 0.02), the interval of radii is much
larger, i.e., 1.5 <r, <25 pm. Because many clouds in
the atmosphere are located between a few hundred



100

Fig. 16. Maximum and minimum particle radii that can be esti-
mated from MFOV lidar measurements as functions of parameter
n = Az/z, for a measurement error 3 < 10%. Results are obtained
for eight FOVs in the 0.25-5 mrad range and for cross-polarized
backscatter.

meters and 2-5 km, the MFOV lidar can effectively
be used to study cloud microphysical parameters.

In fact, high-scattering orders have nonnegligible
effects for optical depths higher than 0.5. Often, clouds
have an extinction coefficient between 20 and 50 km ?,
and optical depths higher than 0.5 are reached within
10 to 25 m. One way to extend the sounding depth
would be to subtract the high-scattering order con-
tributions from the measured scattered power S(6).
This is precisely the method proposed by Roy et al.,15
who make use of the azimuthal properties of the per-
pendicular polarization pattern produced by second-
order scattering. The FOV-dependent perpendicular
polarization pattern is measured with a gated intensi-
fied CCD camera for different depths in the cloud.
The analysis of the images provides correction to the
measured pattern for the contamination caused by
scattering orders higher than 2. Another solution is
the semi-empirical analytic model of the FOV depen-
dence of multiply scattered lidar returns developed by
Bissonnette et al.5 This last model is valid for inhomo-
geneous clouds and optical depths as high as four.

It should also be noted that retrieval of cirrus cloud
particle size has been done using single FOV high
spectral resolution lidar'® (HSRL) and Raman lidar!?
measurements. Although this technique is likely more
limited than the MFOV technique due to the smaller
amount of information available, it is attractive be-
cause the multiple-scattering information from cirrus
clouds is available in most HSRL or Raman lidar mea-
surements. Future efforts will focus on the use of the
eigenvalue technique to study the information content
of this MFOV particle size retrieval technique.

5. Conclusion

A methodology has been formulated to simulate and
optimize lidar system design for the detection of
multiply scattered signals. The detection of multiply

scattered signals, while normally avoided in lidar
measurements, can provide important information
about cloud particle microphysics, including the par-
ticle size distribution. Our motivation for this work
was to determine (i) what parameters can be re-
trieved using multiply scattered signals and (ii) what
the optimal measurement geometry needed to re-
trieve the desired parameters is.

The simulations presented in this paper resolve the
primary questions posed in the introduction:

e A MFOV lidar system should possess at least
six FOVs. Further increasing the number of FOVs
makes sense only if the uncertainty of the lidar mea-
surements is better than 10%; otherwise it does not
significantly increase the accuracy of particle size re-
trieval.

® For a wavelength of A = 1.06 um, the opera-
tional range 0.25 < 6 < 5 mrad is sufficient to gain
information about cloud particles and to separate the
contributions of single- and double-scattering events.
The use of smaller 6 stabilizes the retrieval but poses
complications to the lidar system design and opera-
tion. Optimal results are obtained when the FOVs
are log-equidistantly distributed over this 6 range.

® The retrieval results depend mainly on the ra-
tio m = Az/z,, and the retrieval of particle size can be
performed for n as small as ~0.02. For this n, the
estimation of the particle size in the interval 1.5
< r < 25 with an accuracy of ~30% is possible. The
separation of the received scattered power for polar-
ized and cross-polarized components significantly im-
proves the retrieval and is always preferable.

All results of this paper were obtained for a double-
scattering geometry, and the interference of higher
scattering orders will lead to a degradation of the
retrieval accuracy compared with what was derived
here. The results presented are strictly applicable to
small sounding depths in clouds and to thin aerosol
layers. There are additional limitations related to the
altitude dependence of the cloud parameters. These
could be included in the analysis, but they are beyond
the scope of the present paper. The investigation of
how well a MFOV lidar technique will work for such
situations is in our plans for future research.

For simplification of MFOV lidar design, it is de-
sirable to decrease the maximal FOV. To compensate
for a possible loss of information, use could be made
of shorter wavelengths for the sounding (recall that
FOV increase is equivalent to \ shortening). Such a
combination of MFOV and multiwavelength lidars
could have significant advantages compared with a
single-wavelength lidar. Decreasing the maximal
FOV in such a multiwavelength system should re-
duce the background signal. Moreover, the decrease
of the FOV footprint on the cloud also makes the
assumption of a flat cloud bottom more satisfactory.

It should also be mentioned that MFOV retrievals
of the range-resolved extinction coefficient and the
effective droplet diameter were successfully achieved
in real clouds as reported in Ref. 5: The computations
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were carried out automatically, no hand picking of
data was made, and the success rate ranged from
100% in stable stratus conditions to ~50% in highly
structured multilayered wispy clouds. Hence the
MFOV lidar technique can handle complex natural
clouds despite the seemingly restrictive assumptions
made in constructing the retrieval method. Of course,
field tests would have to be performed on the partic-
ular method of PSD retrieval discussed here.

The results obtained in this paper are only estima-
tions, but they should be helpful for understanding
the general features of the method and can be used as
a guide for numerical simulations of the MFOV lidar
performance and the practical MFOV lidar instru-
ment design.
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